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within the ECM. The most abundant molecule in the ECM is water (65-85%) and it 
is bound in cartilage by the interaction with matrix macromolecules (Mow et al. 
1984; Buckwalter et al. 1990).  
 
 
 
Figure 1. Schematic depiction of cartilage structure. The hyaline cartilage is 
composed of chondrocytes and ECM. The main components of the ECM are 
collagen type II and proteglycan aggregates and water. The proteoglycan aggregate 
contains aggrecan molecules linked to large hyaluronan (HA) molecules. The 
aggrecan molecule contains a protein core and keratan sulphate (KS) and chondroitin 
sulphate (CS) glycosaminoglycan (GAG) chains. 
 
Collagen fibrils form the scaffold or skeleton of the articular cartilage. The 
chondrocytes and macromolecules are situated between the long and arching bundles 
of collagen. The most abundant collagen in articular cartilage is type II collagen, 
accounting for 90-95% of the total collagen content. The fibril network of articular 




























 46
 
 
Figure 7. Enhanced polarized light microscopy images showing birefringence and 
anisotropy of the collagen fibrils of normal porcine cartilage at 11 months (A and B, 
same histological section) and 21 months (C and D, same histological section) of 
age. 
 
 
 
 
Figure 8: ACT 3 months (A and B, ACT-P-3) and 1 year (C and D, ACT-P-12) 
after the operation. Underneath the lesion a reactive area in the subchondral bone can 
be seen at 3 months and abnormal trabecular structure at 1 year. Histological sections 
stained with toluidine blue on the left. Macroscopic image of repair on the right. 
Arrows indicate the repair tissue. 
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Figure 9: Spontaneous repair of a deep chondral lesion at 3 months (A and B, 
Empty-3) and 1 year (C and D, Empty-12). Underneath the lesion a reactive area in 
the subchondral bone can be seen at 3 months. Histological sections stained with 
toluidine blue on the left. Macroscopic image of repair on the right. Arrows indicate 
the repair tissue. 
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Figure 10: Histological sections stained for collagen type II (left) and HA 
(right) at 3 months follow-up. ACT covered with periosteum (A and B, ACT-
P-3), spontaneous repair (C and D, Empty-3), chondral lesion covered with 
autologous periosteum only (E and F, Periost-3), ACT covered with fascia (G 
and H, ACT-F-3). 
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indicated by the carbonate content in the FTIRis analysis, increased significantly (p < 
0.01) from 3 months to 1 year after ACT. At 1 year, the bone underneath the ACT-
repaired (ACT-P-3) and untreated (empty-12) lesions had similar carbonate content 
compared to the contralateral control site indicating a normalized amount of mineral 
bone (Fig. 13). 
 
 
 
Figure 11: A successful repair of goat deep medial femoral condyle chondral 
lesion with ACT. A strong subchondral reaction extends several millimetres deep 
into the bone under the repair tissue (A, Safranin-O staining). The arrows indicate the 
margin between the repair tissue and the adjacent cartilage. The suchondral bone 
structure was changed compared to the normal bone on the left and right. Both the 
trabeculae of the bone and medullary spaces are smaller. Cloning of chondrocytes 
can be observed at the margins of the lesion (B). Cartilage-like tissue and 
hypertrophic chondrocytes are present in the subchondral bone area (C). 
Transmission electron micrograph of the repair tissue reveals collagen fibrils (D). 
Abnormal bone structure of the reactive subchondral bone shows distortion of the 
trabecular system (E). The medullary spaces contain loose connective tissue and 
demonstrate strong staining for HA and cellular, probably osteoblastic, lining of 
bony trabeculae (F). Sections shown in figures B,C,E,F have been stained for HA. (I) 
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Figure 12: Subchondral bone reaction after porcine cartilage repair on the patellar 
surface of the femur with ACT. Images A-C, 3 months after operation, show reduced 
bone mass, hypertrophic chondrocytes and endochondral ossification. Images D-F, 
12 months after operation, show dense bone with abnormal trabecular organization 
and a fibrous repair. A, B, D, E hematoxylin-eosin staining, C and F HA staining. 
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Figure 13: Amide II (left) and carbonate (right) absobance distribution maps 3 (A 
and B) and 12 months (C and D) after cartilage repair. Amide II indicates collagen 
distribution and carbonate shows tissue mineralization, respectively. The arrows 
indicate the margins between the repair tissue and adjacent articular cartilage. 
Asterisks mark the osteochondral junction. Scalebar 500 μm. Colour intensity 
interpretation: blue to green displays lacking to low content; yellow to red displays 
medium to high content. 
 
 
5.1.4. Cartilage indentation analysis of experimental animals (I and II) 
 
The porcine cartilage indentation stiffness analysis showed that the repair tissue 
was in all cases softer than the adjacent cartilage (Table VII). In cases of thin or 
underfilled repair tissue, indentation measurements were not made. The cartilage 
adjacent to the lesion and control knee cartilage did not show any differences after 
the follow-up time. The goat medial femoral condyle stiffness was 0.75 N ± 0.21 N 
(mean ± SD, n = 9) at the first operation, 0.71 N ± 0.27 N (mean ± SD, n = 9) 3 
months after the repair and 0.77 N ± 0.22 N on the contralateral knee (mean ± SD, n 
= 9). 
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Figure 14: A well-healed cartilage lesion on the medial femoral condyle of 
patient no. 15 showing the indentation stiffness values of adjacent cartilage (above) 
and repair tissue (below). 
 
 
5.2.2. Indentation analysis (III) 
 
Normalized stiffness (%) was calculated as the indentation stiffness of the repair 
tissue normalized by the value of the adjacent cartilage. This normalized stiffness of 
all patients was on average 62% and in six patients over 80%, i.e. approaching the 
values of the adjacent cartilage. The normalized stiffness values are shown in Tables 
X and XI. The indentation values of the cartilage adjacent to the repair site did not 
change during the follow-up (mean 3.40 ± 1.12 N, n = 26 vs. 3.58 ± 1.04 N, n = 23). 
The mean indentation force of the repair tissue was 2.04 ± 0.83 N. The indentation 
stiffness of the medial tibial plateau decreased during the follow-up (from 1.94 ± 
0.65 N, n = 19, to 1.32 ± 0.39 N, n = 23, p < 0.05), while no changes were detected 
on other cartilage surfaces. The average normalized stiffness of the repair tissue of 
OCD lesions was 47% compared to 65% of the traumatic lesions, but no statistical 
difference was reached due to the small amount of OCD lesions with large individual 
variation.  
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Table XII. ICRS grading of the repair area, absolute and relative indentation force 
and dGEMRIC index (T1) for ACT as compared to the control site of the adjacent 
cartilage (III) 
Patient 
Arthro-
scopic 
finding 
 
 
Indentation 
force    dGEMRIC  
No. 
ICRS 
grade 
 
graft (N) control (N) 
ratio 
(% of 
control)  
graft (ms) 
mean ± SD 
control (ms)  
mean ± SD 
ratio  
(% of 
control) 
27 11  1.8 5.7 31  388 ± 54 426 ± 44 91 
26 11  1.2 4.0 31  421 ± 52 366 ± 55 115 
19 9  1.3 3.3 38  381 ± 60 422 ± 64 90 
28 10  0.9 3.2 27  470 ± 44 339 ± 67 139 
 
 
 
 
Figure 17. A dGEMRIC map (T1 relaxation time in milliseconds) of cartilage 
proteoglycans after ACT (graft site indicated with an arrow). The repair tissue shows 
T1 values comparable to adjacent and remote control tissue indicating replenished 
GAG content of the graft. (III) 































